Abstract The eastern Mediterranean region is an active tectonic setting that includes the Dead Sea Transform Fault, which forms the boundary between the African and the Arabian Plates and crosses Lebanon from south to north, striking in a restraining bend around 25-30°NE. The major structural feature in Lebanon is the Yammouneh Fault, which reaches to Syria and southern Turkey in a north-south direction. Measurements of radon gas concentration and exhalation rates in two locations along the southern segment of the Yammouneh Fault in south Lebanon were performed. Two profiles in the El-Khiam basin and Blat pull-apart basin and perpendicular to the Yammouneh Fault trace were analyzed. An approximate fault width 25-30 m wide was determined in the El-Khiam study area. Temporal increase of radon concentration was measured and correlated with stress/strain tectonic activity and stress drops along the studied fault segment boundary. Anomalous variable radon concentrations were detected during one of the measurements where an earthquake occurred in the region of Tiberias Lake in northern Palestine along the Yammouneh Fault in the study area. Measurements of radon concentration along a station's profile in Blat village did not show any radon anomalous variation due to the discontinuity along the fault (pull-apart), and possible absence of stress and energy accumulation along the Yammouneh Fault line in that location.
Introduction
Lebanon straddles the boundary between the African and Arabian Plates along the Yammouneh Fault, which constitutes the middle segment (restraining bend) of the Dead Sea transform fault (DSTF). The DSTF enters south Lebanon through Galilee and spreads into five major faults as shown in Fig. 1 . Also shown on map A of Fig. 1 is the Cypriote Arc, which delimits part of the subduction zone between the African and Eurasian plates. The most important fault for this study is the Yammouneh Fault, the only fault that transits the length of Lebanon, crosses Syria where it is known as the Ghab Fault (Ghab F. in Fig. 1 map B) and reaches southern Turkey (Freund et al. 1970; McKenzie 1972) . The other faults are the Roum Fault, the Rachaya Fault, the Hasbaya Fault, and the Serghaya Fault (Walley 1988) . The locations of these faults and other structures are shown in Fig. 1 . Four of the five faults are considered active: the Yammouneh, Roum, Rachaya, and Serghaya faults.
Evaluation of the seismic hazard should take into consideration the high slip rate, 4-6 mm year -1 , along the Yammouneh Fault, which is the source of the most frequent earthquakes in Lebanon, with a quasi-periodic recurrence of large earthquakes of about 1020 years (Nemer, Gomez et al. 2008 ) as compared with 1.4 mm year the Anti-Lebanon range and has a recurrence period of approximately 1300 years .
The geological nature and structure of DSTF has been investigated by many researchers worldwide (Walley 1988; Butler et al. 1998; Butler and Spencer 1999; Beydoun 1999; Meghraoui et al. 2003; Gomez et al. 2003 Gomez et al. , 2006 Gomez et al. , 2007 . In addition, studies of the seismicity and tectonic activity of the DSTF, including its branching faults within Lebanese territory, have been carried out by Mohamad et al. (2000) , Gomez et al. (2001) , Tapponnier et al. (2001) , Meghraoui et al. (2003) , Nemer and Meghraoui (2006) , Reilinger et al. (2006) , Nemer, Meghraoui et al. (2008) , Alchalbi et al. (2009) , and Palano et al. (2013) .
Presently, earthquake prediction is based on the periodicity of earthquakes based on historical events (Plassard and Kogoj 1981; Ambraseys and Melville 1988) , which lacks accuracy. Recently new experimental methodology has been applied to predict earthquakes based on the emission of soil gases in the Earth's crust in the vicinity of geological faults (Yang et al. 2003; Erees et al. 2007; Papp et al. 2008; Kuo et al. 2009; Walia et al. 2009; Richon et al. 2010; Baykut et al. 2011; Bhongsuwan et al. 2011) , as is done in the present study.
Because Lebanon is embedded partly in the Dead Sea fault system (DSFS), it has been subject to many destructive earthquakes throughout its history (Darawcheh et al. 2000; Daeron et al. 2004 Daeron et al. , 2005 Daeron et al. , 2007 . Table 1 presents some recorded AD seismic events that have affected Lebanon.
The Yammouneh Fault, shown in Fig. 1 , represents the most important structure because it connects the southern and the northern parts of the DSFS. This fault has a strikeslip displacement of 4-6 mm year -1 , while the Roum Fault shows a strike-slip rate of 1 mm year -1 Daeron et al. 2004; Nemer and Meghraoui 2006; Gomez et al. 2007) . A recent study by Gomez et al. (2007) showed that the Yammouneh Fault accommodates most of the expected strike-slip motion, which indicates that this fault is accumulating strain. These authors deduce that the fault's present day lack of seismicity is likely a reflection of the slow rate of strain accumulation in a locked fault system. Such strain accumulation is a concern for potential future earthquakes along the Yammouneh Fault, which has a historical record of producing large earthquakes in Lebanon with magnitudes of around 7.5 on the Richter scale (Sbeinati et al. 2005) , with a recurrence period ranging from 800 to 1000 years. The Rachaya Fault splays from the eastern bounding fault basin and extends along the western Anti-Lebanon range. It runs approximately 45 km along that fault line and extends through the village of Chebaa, which is located at the south end of Anti-Lebanon and at the west side of Mount Hermon. This fault has a clear and noticeable trace along its entire length (Nemer, Meghraoui et al. 2008) . Several studies of the tectonic activities of geological faults in Lebanon have been conducted, but investigation of the nature of the stresses, strains, and energy accumulation along the faults planes were not undertaken.
Based on contemporary concern about earthquake impacts, it is desirable to undertake a different approach to understanding and predicting seismic activity in Lebanon. Our focus in this research is on the southern segment of the Yammouneh Fault in south Lebanon as indicated in Fig. 1 , map B.
In the present study we use the temporal variation of radon gas, Rn-222, discussed in Sect. 2.1 and referred to in the text as Rn, by measuring Rn emanation from the subsurface near the fault trace as has been done by many researchers worldwide (Yang et al. 2003; Walia et al. 2005; Papp et al. 2008; Kuo et al. 2009; Walia et al. 2009; Richon et al. 2010; Baykut et al. 2011; Bhongsuwan et al. 2011) . The variability of radon gas concentrations due to seismic activity along a fault plane boundary shows positive results related to the stress and strain behavior of the faults. Careful study of this relationship can be a way to verify stress/strain and energy accumulation along the Yammouneh Fault system, as stated by Gomez et al. (2007) .
In the present research work, the borehole and the ditch excavation techniques were used. To detect Rn gas, we adopted the solid state nuclear track detector (SSNTD) CR-39, which records cumulative Rn alpha tracks. The seismic activity along the Yammouneh Fault is a part of a longterm investigation of faults that cut through the Lebanese geological and geomorphological picture.
Methodology and Experimental Procedure
The choice of radon gas is due to its physical properties as inert gas and its emanation from the Earth's subsurface near the fault trace. These characteristics and properties are combined with the use of boreholes and ditches (trenches) dug across the fault trace as described in the following sections.
Radon Gas and Its Use in Detecting Seismic Activity
Many investigators have used Rn measurements to determine seismic activity due to Rn being a noble radioactive gas and chemically inert. Radon gas is a result of the decay chain of the radioactive isotope of Uranium, U-238, and is the daughter (progeny) of the radioactive radium Ra-226 (Ra). Radon gas is created in solid or liquid phases containing Ra. It is well known that radioactive nuclides in the U-238 decay chain occur in the Earth's crust with varying degrees of concentration and can be found almost in all types of soil, rocks, granite, and sand (Kobeissi et al. 2008; . Specifically, Rn emits alpha particles with energy 5.8 MeV and is the most important radioactive element that can move through the Earth's crust with a half-life of 3.82 days and reach the atmosphere and local surroundings (Nazaroff et al. 1988 ). An additional property of Rn gas is its recoil energy, which enables it to migrate varying distances in porous and permeable media, thus allowing it to escape into the atmosphere from the subsurface. The migration and the transport of Rn from a geological formation into its surroundings depend on the structure of the geological medium and its permeability and porosity. Its movement also depends on the grain packing in rocks, the type of crystal lattice and granite types in the study area (Kobeissi et al. 2013) , surface and subsurface characteristics, the soil moisture content in different types of rocks, and soil-air pressure differences. An additional property of Rn is its solubility in ground water, which allows it to be transported to greater distances, while its half-life might not allow it to do so. All these factors must be taken into consideration when Rn is used as a precursor for the occurrence of earthquakes and the interpretation of data.
Ra-226, with a half-life of 1600 years, decays to Rn and also emits alpha particles as well as gamma (c)-rays. Therefore the presence and amount of Ra in soil subsurface determines the number of radon atoms formed in terrestrial crustal layers. The correlation between Rn and Ra concentrations can be useful in measuring Rn and Ra concentration rates from the Earth's surface and subsurface.
Experimental Field Work
Two profiles stations, Profile-A and Profile-B, for Rn measurements were constructed at two sites of different soil structure inside the same soil formation on the Yammouneh Fault trace (red) in south Lebanon in the location area denoted as C in Fig. 2 . Figure 2 shows also details of Profile-A and Profile-B lines crossing the Yammouneh Fault trace (white line).
One profile was set in a homogenous terrain in ElKhiam basin, denoted as Profile-A, and the other was set in a non-homogenous terrain in the village of Blat, denoted as Profile-B, with Profile-B located at about 8 km north of ElKhiam basin along the Yammouneh Fault trace. Figure 2 presents both profile lines crossing the Yammouneh Fault trace line (white line).
To study the fault's seismic activity, we used the properties of Rn and the presence of Ra-226 within the geological formations and the appropriate soil structure of the location for Rn measurements. Some researchers concluded that measurements of radon flux density are more sensitive to Rn convective velocity variation than measurements of radon concentration alone and that a homogeneous structure of the studied fault area is required to give a reliable interpretation of data concerning seismic activity and earthquake occurrences (Yakovleva 2003) . In our study, concurrent measurements of Rn concentration and Rn flux exhalation rate from the Earth's surface are performed to improve the sensitivity and reliability of the results.
The borehole method was used in the El-Khiam basin, while the trench (ditch) method was used in Blat village terrain (Fig. 2) . The choice of the El-Khiam basin, which is located on one segment of the Yammouneh Fault, for measurement of temporal radon variability, is based on the fault's seismic activity (Gomez et al. 2007) , and the required homogeneity of the soil cover present in this location. In addition, the content of Ra-226 in the fault zone and its correlation with the measured Rn emissions can be evaluated. It should be mentioned, that no rainfall occurred during the time of the execution of the experiment. Figure 3 presents the design of the boreholes and the radon measuring system described in Sect. 3.1. Meteorological phenomena, such as lightning, thunder, rainfall, and moisture of the ground and their effects on the measurements, are discussed in Sects. 5.1, 5.3, and 5.6.
Experimental Setup and Method of Rn Measurements
In the El-Khiam case the station location was chosen due to the homogeneity of the subsoil and the soil surface. This homogeneity is very important concerning porosity and permeability of the ground for radon emanation. In the case of Blat station, the terrain was somewhat rough and gritty.
Profile-A in the El-Khiam Basin
The El-Khiam site consists of a basin stretching 15 km in length and about 5 km in width. The soil is fine grainy brown soil with a very thin mixture of very small calcic gravels. Along this profile 21 lined boreholes were drilled (later extended to 29), separated by an interval of 1 m all the way and reaching a depth of 112 cm. The profile line was constructed perpendicular to the Yammouneh Fault trace line, such that the boreholes were distributed in equal number on both sides of the fault trace, as shown in Fig. 3 . The three point locations shown off dosimeters line are used for surface soil radon measurements for comparison with fault radon results and as control.
In each borehole a PVC tube with a diameter of 9 cm and a length of 1 m was inserted with slight pressure on the bottom. The empty space between the borehole wall and the tube was closed firmly with the same extracted soil from the ground to maintain soil homogeneity. To measure Rn exhalation rates from the deep surface of the holes and their cumulative concentrations with time, a second PVC tube with a diameter of 5 cm and length of 75 cm was introduced into the first tube. The bottom opening of each tube was wrapped with a plastic mesh to prevent dirt from entering the tubes space. Figure 3 shows the arrangement of the measuring system.
In the inner space and in the top part of the short tube (Tube 2) a CR-39 radon dosimeter detector was inserted, as shown in Fig. 3 . Each of the top openings of the tubes was sealed firmly with a screw cover. The space between the two tubes and the space between the tubes screw covers were filled with fiberglass to prevent temperature effects on the measurements. In addition, a thermometer was inserted in the fiberglass insulator to monitor temperature changes, which were checked at each time interval of the measurements. Temperature values varied from 22 to 24°C.
The top-level end of the outer tube was enclosed by a PVC cylinder of diameter 20 cm and length 30 cm, which was covered by an insulating cement tile to limit outside temperature variations affecting the inside of the tubes. The CR-39 dosimeter, which registers cumulative Rn alpha tracks as described in Kobeissi et al. (2008) and shown in Fig. 3 , consists of a plastic cup on whose bottom center a CR-39 detector (with dimensions 20 9 15 mm 2 and 1 mm thick) was fixed by a double sticking material. The center of the cup cover was equipped with a 1 cm diameter hole covered with a 1.5 cm thick sponge filter, through which only Rn gas can penetrate to the interior of the cup. The calibration of the dosimeter was done earlier at the Federal Office for Radiation Protection in Berlin.
For the measurements of radon variability, the CR-39 detectors were exposed to the soil Rn gas for one week intervals starting on 24 July 2013. In the completion of each weekly period (denoted as time interval) of measurement (168 h), the previous dosimeters were removed and replaced by new ones for each borehole.
After exposure, the detectors were etched in a 7 N KOH solution for 210 min at 90°C to enlarge the latent tracks. The detectors were then rinsed with distilled water and cleaned with alcohol. The tracks were counted under an optical microscope, with magnification depending on the density range of the tracks. Minimal overlaps of tracks could be easily distinguished and counted. The track counting was performed in 20 views for each detector, which were swept over the detector surface, with at least 50 counts per view to minimize statistical errors and to obtain the tracks density q x (tracks/cm 2 ). The Rn concentration was obtained by the expression:
where t x is the measured time in each time interval and
is the calibration constant. The radon aerial exhalation rate E A , emanated from the Earth's surface, is calculated from the following equation (Khan et al. 1992; Sharma et al. 2003; Singh et al. 2008 ):
where
, T is the exposure time (in hours) of the CR-39 detectors to Rn emanated from the ground surface within the inner PVC tube,
is the effective volume of Rn in the inner tube, A (m 2 ) is the cross-sectional area of the soil surface enclosed in the inner tube, and C x is the Rn concentration obtained from Eq. 1.
Profile-B in Blat
This station is situated in a pull-apart segment of the Yammouneh Fault in the village of Blat, as shown in Fig. 2 . In this station a trench (ditch) about 170 cm deep and 31 m long was dug across the fault trace line. The same system of PVC tubes was used. The tubes were set firmly on the ditch ground surface and their outer walls were covered fully along the trench with the same soil excavated from the ditch to conform with the local ditch soil environment. Radon measurements in the ditch were performed at a depth of 120 cm, which conforms with the nature of the ditch depth. The same procedure for Rn measurements was used as in Profile-A.
Providing a Context for Deep Hole and Ditch Rn Measurements
The purpose of Rn measurements is to compare values of Rn concentrations obtained from top soil surface with those obtained from deep ground, in order to justify that any radon anomalous emission is due to seismic phenomenon and not alone from Ra-226 content in the subsurface.
Rn Measurements on the Top Soil Surface
In addition to the measuring of radon emission from the deep boreholes bottoms and the ditch's deep surface, it is necessary to carry out concurrently radon measurements at selected soil surface points along the profile line near the top closed end of the large tubes in the locations of both profiles. Similarly, Rn measurements at specific points on the top soil surface at distances of about 10, 15, and 20 m off the fault trace line and off the profile line at a depth of about 15 cm were performed at three surface points shown in Fig. 3 . For these measurements the same type of dosimeter was used and was enclosed in a cylindrical PVC chamber, 7 cm in length and 9 cm in diameter, with one opening firmly sealed, while the other open end was exposed to the soil surface. These measurements were performed to provide an unambiguous conclusion for the study results.
Measurements of Porosity and Ra-226 Concentration in the Soil of the Profiles
To relate any possible anomalous emanation of radon obtained from the deep structure of the faults, soil samples extracted from the boreholes and the ditch were taken to measure the porosity, e, the density of the solid particles, q s , and the dry density, q d , of the soil. For these measurements, we used the hydraulic pressure method to measure the void volume V v in the crustal soil (for example, the empty spaces between the solid granule particles in the soil sample). The quantities e, q s , and q d are related by the following equation (Kobeissi et al. 2008) :
In addition, since the Radium element Ra is embedded in the soil subsurface and Rn is emitted from Ra as its progeny, measurements of the concentration of Ra-226 were performed on the same soil samples, using the gamma ray spectroscopy method (Kobeissi et al. 2008 ).
Results and Discussion
Results of Rn emission measurements from the boreholes and the trench deep surface and their top surface along the profile lines are discussed in this section. Results obtained from Rn measurements off-fault trace line and off-profile line and anomalous temporal variability of radon emission are evaluated. Meteorological effects are also presented. ), and the cumulative exhalation rates, E A (kBq m -2 h -1 ) in each weekly time interval.
The Rn Concentration and Exhalation Rates in El-Khiam Basin
The thunder (TH) on 24 September and 30 October and the earthquake (EQ) in the week 13-20 October 2013 are also shown. Figure 4 presents some typical radon spectra (histograms) obtained from different weekly time intervals and shows the maximum value of Rn concentration at the fault trace line around borehole A13 and the symmetrical distribution on both sides of the fault line.
The symmetry in the spectral shape (histogram) supports the accurate determination of the fault trace and the accurate choice of the station setting on the fault trace line presented by the accumulative increase-decrease in C x in the detectors range from A1 to A21, especially at the borehole detector A13. This phenomenon gives reliability to the outcome of the experiment.
In addition, we note in Fig. 4 that the shapes of the spectra cover the fault zone width, indicating the zone width size as well as fracturing in the fault line boundary of the measured fault segment. This fracturing can be due to stress and strike-slip movement of the Yammouneh Fault boundaries at that segment. During the measurements and to confirm the presence of the damage zone and its width, the range of the boreholes containing the detectors was extended on both sides of the fault trace line (E1-E4, W1-W4), starting from the 11th week (11th time interval) of measurements as can be seen in Figs. 4 and 5. Figure 5 displays the last 18th interval spectrum of radon concentration C x and exhalation rate E A , both present the width size of the fault. Both C x and E A show the same trend in Rn emission. This behavior was the same in all the measurements. Radon concentration changes significantly along the line perpendicular to the fault trace line, reaching its maximum in the direct location of the fault trace line (Fig. 4) . These results confirm the location of the fault line as well as the damaged zone width.
According to the spectral shapes (histograms) given in Fig. 5 and the distribution of detectors along the line crossing the fault trace, the width of the damaged zone in this fault location can be estimated to be about 25-30 m wide. This result is consistent with a recent model study by Shipton (Shipton and Cowie 2003) , who showed that the damaged zone width extends from 0 to about 30 m, which is close to our results. These authors argued that damage zones are formed at the tips of the slipping patches of the fault zones when these are subject to enhanced stress. Based on that study, off-fault deformations will potentially occur in regions of high stress around the tips of each slip patch if the stress exceeds a critical value at the fault surface. Figure 6 presents the temporal variability of radon concentration and exhalation rate, which shows the increase in Rn emanation from interval 7A to interval 12A, which is an increase in the order of 1400 kBq m -3 . This confirms that the fault segment is experiencing an active stress/strain and energy accumulation along the fault plane system. The active stress/strain and the process of energy accumulation can reach a critical point at which energy is released in the form of seismic waves and consequently producing an earthquake. The figure shows also the drop in concentration and exhalation rate due to the occurrences of earthquakes during the time interval 13A (black arrow) and thunder effect during time interval 15A (red arrow).
In addition, Fig. 6 shows peaks that occur at certain measurement time intervals. The variability of radon exhalation rates and concentration shows maxima and minima indicating that an alternating process of relaxation and stress enhancement is occurring in the fault segment. Similar results were obtained by Candela et al. (2011) in southern Thailand. But this alternation process could be due to other effects as earthquakes and meteorological disturbances, as discussed in the following section.
Anomalous Temporal Variation of Radon Gas as a Precursor for Earthquakes
Many researchers have discussed radon anomalous variability as a precursor of earthquakes. In addition to the anomalous increase in C x due to stresses, we observed anomalous phenomenon during the Rn measurements in the 13th weekly time interval 13A as shown in Fig. 6 and Table 2 . In this instance Rn concentration dropped about 220 kBq m -3 from the preceding value. This drop indicates that the release of energy and stress relaxation in the fault segment boundaries took place, which appears as a seismic wave propagating in the Earth's crust. The correlation between the temporal variation of radon C x and earthquake is confirmed by our results based on the occurrence of earthquakes during the Rn measurements as it will be shown in the following. In Sect. 1 the Yammouneh Fault is described as a branch (splay) of the DSFS that starts in the region of Lake Tiberias in northern Palestine-Israel. During our radon measurements from 13 to 20 October 2013, time interval 13A in Table 2 , several earthquakes occurred with the epicenter located in northern Palestine and were felt in the Tiberias region and southwestern Syria as well as in Bent Jbail town in southern Lebanon, which is located southwest of El-Khiam town at a distance of about 28 km and near the border of Palestine. The timing and magnitude of these seismic events are shown in Table 3 .
The increase in radon exhalation rate and concentration, starting at the 7th week time interval 7A to the time interval 12A (Table 2 ; Fig. 6 ), can be correlated to the increase in the stress and energy storage in the fault boundaries, which produced fracturing in the tips of the fault plates and enhanced permeability of the crust layers for Rn diffusion. But during the time from 13 to 20 October 2013, radon concentration dropped. This drop can be correlated with the drop in the stress and energy release at the fault boundary, which produced seismic waves that affected the emission of radon into the upper layer of the Earth's crust.
The propagation of seismic waves in the fractured medium at a certain time disturbs the enhanced permeability of the fractures. This interpretation is supported by the occurrence of the earthquakes in the Tiberias region as shown in Table 3 during the time between 13th and the 20th October 2013 (time interval 13A) and as shown in Fig. 6 and Table 2 . Such seismic wave effect on radon emission has been reported also by Planinić et al. (2004) in Croatia.
The decrease in radon C x and E A can be interpreted as being due to the stress drops and the fracturing of the fault plane surfaces, which affects the entropic distributions of the fractures. This hinders instantaneous Rn emission and the diffusion of its carriers to the upper subsurface layers in the Earth's crust. The decrease of radon due to earthquakes is presented also in Fig. 7 , where the spectrum of radon concentration has shifted to lower C x values.
Radon variability is also seen in Fig. 6 and Table 2 where radon concentrations (and thus stresses) recover after the relaxation periods. Therefore, the observed anomalous behavior of radon emanation from the deep ground surface in Profile-A can be interpreted as a precursor of possible earthquake events.
Meteorological Influence on Rn Emanations from the Earth's Crust
Meteorological phenomena such as lightning and thunder can influence radon temporal behavior. Thunder sound waves might influence the fractured zone in rocks along the fault trace, while moisture due to large content of water in the soil might affect radon penetration through the soil layers. Also it can affect the CR-39 detection surface. Lightning and thunder events occurred during our Rn measurements but there was no rainfall. The thunder effect is apparent in the drop of radon C x during the time interval 15A from 27 October to 3 November 2013 when heavy thunder occurred but with no rainfall in the evening of 30 October 2013 at 6 p.m. (Table 2 ; Fig. 6 ). This effect of thunder is presented in Fig. 8 as a shift of the spectral line to a lower Rn concentration during measurements in the time interval 15A. The physical interpretation of the effect of the thunder sound waves can be related to the change in the entropic state of the fractures at the fault plane boundaries, which can hinder the diffusion of radon to the upper soil layers. After the thunder ceased, radon C x increased within the range of 500 kBq m -3 , but remained high. The high C x and its alternating minima and maxima, shown in Fig. 6 , can be interpreted as an indication of alternating stress drops at the fault plane surface, but maintained elevated levels during the rest of the measured time interval.
It must be stated that more work is required to extend the measuring interval times to support such alternation in stress drops. But, clearly thunder sound waves can influence the stress/strain processes and the fractures on the fault line boundary. This can cause a decrease of radon diffusion into the upper layers of the Earth's surface, as did the seismic waves by influencing the fault stress/strain thus decreasing Rn emission into the upper surface of the crust layers.
Based on these results, it is recommended that thunder and its effects be monitored when taking long term measurements of radon emission at the fault trace in order to carefully interpret anomalous behavior or a drop of radon emission. It is also recommended to monitor stress fluctuations by taking measurements in a larger number of time periods during the investigation of fault zones.
Radon Emission from Boreholes as Compared with Emission from Top Soil Surface Layers
Measurements of radon emission were done at points on the soil surface along the profile line crossing the fault trace and at points off the profile line and off the fault trace line on the ground surface. These measurements were done to compare the temporal behavior of radon emission due to seismic events with natural Rn emission from the ground surface. The results of measurements of radon C x at the ground surface of the study area are compared with those obtained at the bottom of the boreholes and the trench deep points. The results for Profile-A are shown in Table 4 . Table 4 presents the ratios of Rn concentration obtained from the deep surface of the boreholes, C x h, to those obtained from the top surfaces of the boreholes, C x s. The ratios are 5, 13, 15, and 9 for the boreholes AW2, A4, A10, and A15, respectively. Borehole AW2 produced a factor of 5 due to its location just outside the damaged zone of the fault. The higher factors produced within the damaged zone with respect to the zone surface, as seen in Fig. 4 , indicate anomalous high Rn emission, which is outside the Rn emission anticipated under natural normal conditions for homogenous soil. Table 4 also presents the ratios of Rn concentration C x h obtained from deep borehole surfaces to C x s obtained from the top surface of points, coded L1, L2, and L3 and located outside the damage zone. The ratio of C x h/C x s is 5, 9, and 9 for boreholes AW2, A10, and A15, respectively. The ratio of 5 is consistent with the above result for the AW2 top surface, while the higher ratios 9 and 9 for A10 and A15 show Rn anomalous emission due to the presence and the dynamics of the fault trace line. These results are supported also by the averaged C x h obtained from the boreholes in the range 12A-15A located close to the fault trace line, where this average is 12 times higher than C x s obtained at soil surface far from the surface area of the damaged zone. These results confirm that the increase in the Rn concentrations and exhalation rates at the fault trace line and the anomalous variation of radon concentrations and exhalation rates are due to the dynamics of the Yammouneh Fault boundary at the studied segment. These results show also that the boreholes methodology is more appropriate for monitoring radon anomalies related to fault tectonic events. This conclusion on the anomalous behavior of radon emission at the fault location is also confirmed by the results of the radium Ra-226 measurements in the soil (Sect. 6).
Profile-B in Blat
In this station, radon measurements at 18 weekly intervals were obtained concurrently with Profile-A measurements. The results for the Rn accumulative concentration and its corresponding exhalation rate obtained from 25 detectors are presented in Table 5 . Table 5 shows the total sum of Rn concentration, C x (kBq m -3 ) and the corresponding exhalation rates, E A (kBq m -2 h -1 ), obtained from all detectors in each weekly time interval. Thunder (TH) occurred on 24 September and 30 October and earthquake (EQ) occurred in the week 13-20 October 2013 and spectral histograms of radon concentrations for some time intervals are shown in Fig. 9 and Rn temporal variations are presented in Fig. 10 .
Unlike the case at the fault segment in Profile-A, Table 5 and Fig. 9 show much lower intensity of Rn emissions than those obtained in Profile-A and show also no anomalous increase in the temporal emanation of Rn occurred at this station during the periods of measurement, as indicated in Fig. 10 . The absence of increased Rn emanation indicates a possible absence of active stress/ strain in this segment of the fault. This lack of stress increase can be explained by the fact that the Yammouneh Fault trace line at Profile-B's location is preceded by a pullapart segment (Fig. 2) along the fault between the two profiles stations, which might prevent extension of active stress to the next segment. In addition, the amplitude of the seismic wave due to the earthquake of magnitude 3.6, as listed in Table 3 , might have been subject to damping with energy loss in the crustal layer, and therefore did not reach the location of Profile-B.
This absence of a radon signal during the earthquakes is supported by the sensitivity of the fault at Profile-B to the sound wave vibration of thunder during the measurements, while this sensitivity did not appear for seismic waves at Profile-B, as discussed in Sect. 5.6.
Meteorological Effects
The two maxima of Rn concentration shown in Fig. 10 are produced by the sound waves of the thunder, which occurred on 24 September, during time interval 9B (22-29 September) and on 30 October during time interval 14B (27 October-3 November 3), as presented in Table 5 , Figs. 9 and 10.
Thunder sound waves during the Rn measuring interval periods have increased radon emission as shown in the spectral shifts presented in Fig. 11 . This effect of thunder produced about a 56 % increase in Rn concentration ), taken at the soil surface off the fault and the profile lines (Fig. 3 intensity. This meteorological phenomenon concurrently affected radon emanation in both profiles. The absence of a shift in the spectrum between the 11th and the 14th detectors in the time interval 13B (Fig. 11) is due to the presence of a large rocky area under the detectors in that section. This effect justifies the choice of the location with homogenous terrain to execute such studies using soil gases emanation from the ground near faults traces in order to obtain reliable interpretation of the data. Based on the results of the thunder effect, we conclude that the earthquakes did not affect the Yammouneh Fault segment at Profile-B, as the quakes did along Profile-A in the El-Khiam basin. In addition, there was no indication in the data of active stress/strain accumulation in this segment of the fault beside its normal strike-slip action.
Radon Emanation from the Upper Soil Surface of Profile-B
For these measurements of radon, the same procedure was followed as was done for Profile-A, except that the depth here is greater due to a deeper trench. Table 6 shows the radon concentration obtained from about 120 cm below the surface within the PVC tube in the trench and Rn concentrations obtained from points at the top surface of the profile line and from points off the Profile-B line further away from the fault trace line. The ratios were between Rn concentrations obtained from the deep surface under the tubes and those obtained from the top surface. These ratio values are 2, 2, 2, and 1.3 for the detectors locations B6, B15, B19, and B29, respectively. Similarly, results were obtained for the location points B2, B3, and B1 off the fault trace line with ratios 1.5, 2, and 2, respectively. These results indicate a natural diffusion process of radon and the absence of seismic effects on that segment of the fault.
Unlike the case in El-Khiam along Profile-A, radon temporal exhalation rates and concentrations in Profile-B remained approximately at the same levels during the measurements, except those times during which thunder occurred, which produced maximal levels of radon emission as shown in Figs. 9 and 10. No other anomalous temporal variation in radon concentrations was observed along this segment of the fault. Thus, a comparison between the results obtained in both profiles located at different locations (segment) leads us to conclude that Rn concentrations showing high rates obtained at the fault in Profile-A are due to seismic activity along the fractured segment boundaries of the Yammouneh Fault. This means that segments of a fault can show different stress/strain behavior.
6 Determination of Porosity (e) and Concentration in the Profiles Soil
As stated in Sect. 5, measurements of porosity, e, the solid density, q s , and the dry soil density, q d , of soil samples were performed. In addition, measurements of Ra-226 concentrations were carried out on the same soil samples, using gamma-ray methodology (Kobeissi et al. 2008) . Table 7 shows the results of the measurements of radium concentration C Ra (Bq kg -1 ), porosity, e, density q s , and density q d of some soil samples taken from the deep surface of the boreholes and the deep trench surface as well as from the top surface of both profiles.
It can be seen that Ra concentrations are comparable with those obtained for gray cement (73.2 ± 3 Bq kg -1 ) and white cement (76.3 ± 3 Bq kg -1 ), but are somewhat higher than those obtained from sand grain soil, which range from 4.2 to 60.8 Bq kg -1 (Kobeissi et al. 2008) . These same Ra values are lower than the values obtained for granite, which range between 2 and 494 Bq kg -1 (Kobeissi et al. 2013 ). This lower value of Ra in the soil of both profiles is because the presence of granite in this subsurface is not significant.
Concentration C Ra (Bq kg ) of Ra as an emitter of Rn in the soil samples, taken from the study area, is characterized by small variations compared to those of Rn emission shown in Table 2 . In addition, the porosities values obtained from the samples taken from the sites of the two profiles are comparable with those obtained in sand grain samples, which ranged between 0.465 and 0.624 (Kobeissi et al. 2008 ). These results of Ra content in the soil of the study area and the low values of radon emanation in Profile-B conform to the naturally occurring average Ra concentration in the profiles locations and confirm that the high radon concentration and variability, obtained in the Profile-A location, is produced by seismic stress/strain action at the boundary of the study segment of the Yammouneh Fault in south Lebanon.
Evaluation of Some Geophysical Parameters in the El-Khiam Basin
Based on the results obtained in this study, it is appropriate to extract and evaluate some geophysical properties related to the nature of the studied area in El-Khiam basin, such as the Crustal Structure Parameter, the Gaseous Geoseismicity, and the Effectiveness Parameter to Detect Seismic Waves.
(1) Our measurement of the precursory radial distance, D, between the epicenter of the October 2013 earthquake swarm, which was located at the village of Keneret in the Tiberias region, and the Profile-A location in the El-Khiam basin, is close to D = 68 km. Using this value of D, the size of the zone can be estimated by the relation (Planinić et al. 2004 )
where M is the earthquake magnitude and a is a parameter whose value is C1, depending on the crustal structure of the studied location. By using the value of M listed in Table 3 and the value of D, we obtain a = 1.9 for ElKhiam basin. This value of a implies that the detectors planted in Profile-A in El-Khiam basin are sensitive to seismic waves of magnitude M = 3.6 at a radial distance D B 68 km. This result is supported by the fact that the detected earthquakes (Table 3 ) noted during our measurement period were also felt in the town of Bent Jbail in south Lebanon, located southwest at a distance of 28 km from EL-Khiam basin within that radial zone. This possible detection cannot be asserted, because the crustal structure might vary within the seismic zone and can affect the value of the parameter a. This zone dimension could also be the reason why seismic waves were not detected at Profile-B in Blat, which is located outside the detection zone in an area where this fault segment lacked the presence of stress/strain action along the fault planes, as was discussed in the case of Profile-B.
(2) Another factor that can be deduced from our results is the Gaseous Geoseismic Parameter, where the relation between the epicenter distance, D (km), the magnitude M, and the precursory time T is given as:
where b is a parameter related to the gaseous geoseismic precursor of earthquakes (Planinić et al. 2004) . From our data, b was calculated and found as b = 1.1 (T (28 days) is the starting time at which C x began to increase and the time at which C x began to drop at the occurrence point of the earthquakes). This value is in contrast with value found by Planinić as 1.68 for eastern Croatia (Planinić et al. 2004) . This difference could be due to the difference in the geological formation and structure of Earth's crust of the studied areas. 
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Detectors postion in the ditch Time interval 13B (series 1) followed by time interval 14B (series 2, thunder) series 1 series 2 Fig. 11 Spectral shift of radon concentration due to the thunder effect on radon emission parameter g, which is the potential to detect seismic events in the El-Khiam basin-a property and ability of the applied detection system in this work. This factor can be calculated using the relation (Planinić et al. 2004 ):
Using the values of M = 3.6 and D = 68 km, we obtain g = 9.8 9 10 -10 , which is comparable to the values 1.4 9 10 -10 , 1.6 9 10 -10 , 8.1 9 10 -10 , and 8.2 9 10 -11 obtained at some locations for Croatian soil (Planinić et al. 2004 ). This obtained value and its closeness with other published values of similar measuring system give confidence and reliability in our monitoring system.
Conclusions
The conclusions that we draw from this study are that:
(1) Soil radon gas emanation along fault traces can be used as a possible precursor for earthquake prediction, as was confirmed by the correlation of radon increase in radon exhalation rates and the occurrence of earthquakes in the Tiberias region in northern Palestine; (2) An increase of radon temporal emission is correlated with stress/strain and energy accumulation along the fault system boundaries, as an indicator for possible earthquake occurrence; (3) The results of the measurements indicate that the lag time of the occurrence of earthquakes is on the order of a few weeks but can be longer; (4) Radon spectral line width reflects the presence of a fault damage zone across the fault trace line, which indicates the presence of fracturing of the border zone between the fault planes. This is due to the action of the stresses and shearing processes along the boundaries of the Yammouneh Fault in south Lebanon, which allows the fault zone width to be estimated; (5) Meteorological effects on radon emission, such as thunder, can influence the stress on the fault planes boundary; (6) Terrain homogeneity in the study area is needed to obtain a reliable interpretation of the measured data; and (7) Longer periods of measurement are required to better understand the correlation between fault stress/strain and radon emission at the fault trace location. ) 4 1 ± 6 4 0 ± 6 5 0 ± 3
